Non-obstructive azoospermia (NOA) is a severe defect in male reproductive health that occurs in 1% of adult men. In a previous study, we identified that rs7099208 is located within the last intron of FAM160B1 at 10q25.3. In this study, we analysed expression Quantitative Trait Loci (eQTL) of FAM160B1, ABLIM1 and TRUB1, the three genes surrounding rs7099208. Only the expression level of FAM160B1 was reduced for the homozygous alternate genotype (GG) of rs7099208, but not for the homozygous reference or heterozygous genotypes. FAM160B1 is predominantly expressed in human testes, where it is found in spermatocytes and round spermatids. From 17 patients with NOA and five with obstructive azoospermia (OA), immunohistochemistry revealed that expression of FAM160B1 is reduced, or undetectable in NOA patients, but not in OA cases or normal men. We conclude that rs7099208 is associated with NOA via a reduction in the expression of FAM160B1.
Introduction
Approximately 15%-20% of couples are infertile, with males and females suffering equally from infertility [1] . Non-obstructive azoospermia (NOA), a severe defect in male reproductive health, occurs in 1% of adult men [2] . It has been reported that a defect in the AZF region of the Y chromosome causes 10%-15% of idiopathic NOA [3] . However, other genetic causes of NOA remain unclear. Many gene knockouts lead to NOA in mice, but few corresponding defects have been observed in NOA men.
One explanation of the relationship between risk loci and disease is that these loci are associated with mRNA expression of relevant genes [4] [5] . Protein markers for disease also could have been discovered by GWAS analysis [6] [7] . To investigate genetic variation in NOA patients, we recently conducted a genome-wide association study (GWAS) of NOA in Han Chinese based on genotyping 587,347 single nucleotide polymorphisms (SNPs) in 981 NOA cases and 1,657 controls [8] . We tested promising associations in an extended three-stage validation using 3,608 NOA cases and 5,909 controls. In the combined analysis, meta-analysis was used to combine the results of GWAS scan and three validations. We identified three risk loci associated with NOA (rs7194 at 6p21.32, rs7099208 at 10q25.3, and rs13206743 at 6p12.2) [9] . According to our previous study, genotype of rs7099208 in NOA patients is 43/943/3552 (Variant homozygote/Heterozygote/Wild type) and in control population is 35/1209/6312 (Variant homozygote/ Heterozygote/Wild type), and minor allele frequency (MAF) of rs7099208 is 0.11 in NOA patients, which is higher than 0.08 in control population, P56.41x10 -14 [9] .
However, it is still unknown whether rs7099208 affects mRNA expression.
In this work, we tested the hypothesis that expression of risk loci related genes is altered in testes from NOA patients. Our approach examined samples from patients with NOA and obstructive azoospermia (OA), and the germ cell line of male mice.
Materials and methods

Expression Quantitative Trait Loci (eQTL)
The publicly available RNA-seq and genotyping data of 53 normal testis samples and 167 whole blood samples from the Genotype-Tissue Expression project (GTEx, http://commonfund.nih.gov/GTEx/index) were used to assess Gene Expression Quantitative Trait Loci (eQTL) for mRNA expression of FAM160B1 and genes neighbouring SNP rs7099208 [10] .
Patients
This study was approved by the institutional review boards of each participating institution. Participants were solicited from individuals attending the First Affiliated Hospital Reproductive Centre of Nanjing Medical University for knockdown of infertility. Controls (n57) were defined as individuals who were diagnosed with normal spermatogenesis or OA. Patients diagnosed with NOA were the experimental group (n517). Six of the 17 formed the spermatid arrest sample, and the others were the spermatocyte arrest sample. For sample specific information see Supplementary Material.
Processing of testicular biopsy material
This study was approved by the ethics committees of Nanjing Medical University and was conducted in accordance with national and international guidelines. A testicular biopsy was performed in all samples (n524). A small incision was made in the tunica albuginea to remove tissue samples, which comprised about 3 mm 3 in total.
Indirect immunohistochemistry and immunofluorescence
Indirect immunohistochemistry and immunofluorescence were performed as previously described [11] [12] [13] . To prepare sections, tissue from normal testes was fixed in Bouin fluid and dehydrated through a series of graded alcohols. The testes were then embedded in paraffin at 65 uC and sections were cut for immunohistochemistry. The testis sections were hydrated with series of graded alcohols. After endogenous peroxidase activity was blocked with 3% H 2 O 2 , non-specific binding was blocked with 10% normal goat serum. The sections were incubated overnight at 4 uC with primary antibody against FAM160B1 (Abgent) at a dilution of 1:100. After extensive washes in PBS, the sections were incubated with the secondary antibody for 1 hour at 37 uC. Next, DBA colour liquid was added to the sections and the reaction product was generated. After immunostaining, the testis sections were counterstained with hematoxylin and examined under a light microscope. For immunofluorescence, GC2 cells were fixed with 4% PFA at room temperature and 70% Ethanol at -20 uC. Cells were analysed using an epifluorescence microscope (Zeiss 710) at room temperature and Image Pro-Plus version software (Carl Zeiss, Germany) was used for analysis and imaging. Images were acquired using a 1006magnification oil lens (Zeiss). In brief, green fluorescence was excited with a 488 nm diode laser and red fluorescence with a 555 nm diode laser. Multicolour images were acquired sequentially.
PCR
Total RNA was extracted from cells with mo-FAM160B1 and mo-control tissue using an RNeasy plus Micro Kit (QIAGEN, 74034). RNA was reversetranscribed into cDNA using a PrimeScript RT reagent Kit (Takara, DRR037S). PCR was performed with GoTaq Green Master Mix (Promega, M7122), and real-time PCR was performed with SYBR Premix EX Taq II (Takara, DRR081B). In PCR, the forward and reverse primers used were: MUS (F) GAGGGCTTGA TGCTCTTGGT and (R) GCTGTATGAGTCCAACC CCC; HUM (F) GGCTGCAAAGTGCCTTACAC and (R) CGAACGATGCGATGAAGCAG.
The PCR started at 95 uC for 30 seconds and was performed as follows: 28 cycles of denaturation at 95 uC for 5 seconds, annealing at 60 uC for 30 seconds and elongation at 72 uC for 30 seconds.
Western blotting assay
Samples containing 20 mg of protein (measured by the Bradford method) were used for Western blotting.
Proteins from mo-FAM160B1 cells and control samples were subject to electrophoresis on a 10% sodium dodecyl sulfate polyacrylamide gel. The proteins were then transferred from the gel onto a nitrocellulose membrane (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Membranes were blocked in a solution of phosphate-buffered saline (PBS) containing 5% non-fat milk powder for 1 hour, and then incubated overnight at 4 uC with the following primary antibodies: anti-FAM160B1 (1:1,000; Abgent) and anti-b-tubulin (1:2,000; Abcam). After four 10 minutes washes in PBS, the membranes were incubated for 1 hour at 37 uC with horseradish peroxidase-conjugated secondary antibody. Specific proteins were detected using an ECL kit and AlphaImager (FluorChem5500; Alpha Innotech, San Leandro, CA).
Cell culture and morpholino knockdown
The mouse spermatocyte cell line GC2-spd (ATCC catalogue number CRL-2196, Manassas, VA, USA) was used for in vitro studies. Growth media contained 10% foetal bovine serum (GIBCO) and 5% penicillin/ streptomycin, and was maintained in a 37 uC incubator in a humidified, 5% CO 2 atmosphere. The knockdown rs7099208 is associated with non-obstructive azoospermiawas performed using morpholinos (splice blocking and translation blocking). Depending on the oligonucleotide sequence selected, morpholinos either modify pre-mRNA splicing in the nucleus, or block translation initiation in the cytosol. After incubation for 24 hours, cells were used for RT-PCR analysis, Western blotting, cell apoptosis assays and electron microscopy analysis. Morpholino sequences were splice blocking: CGTCCTAAGAAAGAACGCACACGGA; translation blocking: ACGTAAGCTTGGAGAACATCCTG TC (http://www.gene-tools.com/).
TUNEL
Apoptotic cells were examined using the terminal dideoxynucleotidyl transferase dUTP nick end labelling (TUNEL) method with the in situ cell death detection kit, POD, according to the manufacturer's protocol (Roche, Mannheim, Germany).
Electron microscopy
Testes were fixed in glutaraldehyde for 2 hours at room temperature. Ultra-thin sections (-90 nm) were cut parallel to the cell monolayer and stained in uranyl acetate and lead citrate. Nuclei of spermatocytes were randomly selected using an electron microscope (JEM-1010) and capture software (SIS VELETA CCD). The observer was blinded to the genotype.
Statistical analysis
For continuous variables, differences between two groups were tested by Student t-test or t'-test (equal variances not assumed). Differences between three groups were tested by ANOVA test or Kruskal-Wallis test (equal variances not assumed). Analyses were carried out using Statistical Analysis System software (version 9.1.3; SAS Institute, Cary, NC). A two-sided P#0.05 was considered as statistically significant.
Results
FAM160B1 correlates negatively with the homozygous alternate (GG) of rs7099208.
To investigate whether rs7099208 is associated with expression of mRNA, we analysed expression eQTL of genes surrounding rs7099208. Three genes at 10q25.3, FAM160B1, ABLIM1 and TRUB1, are candidates whose mRNA expression may be affected by rs7099208. We assessed the various genotypes of rs7099208 and the expression of FAM160B1, ABLIM1 and TRUB1 in normal human testes, using data from the Genotype-Tissue Expression project (GTEx). The eQTL data reveal that the mean mRNA expression level of FAM160B1 in testes with the homozygous alternate (GG) genotype of rs7099208 is less than that of the homozygous reference (AA) or heterozygous (AG) genotypes (Fig. 1A) . The mean expression levels of ABLIM1 and TRUB1 were not affected by the genotype of rs7099208 (Fig. 1B and C ) . In addition, the expression level of FAM160B1 in peripheral blood was not associated with the rs7099208 genotype (P50.8) (Fig. 1D) . These results suggest that rs7099208 is associated with mRNA expression of gene FAM160B1 in testes.
FAM160B1 was predominantly expressed in human spermatocytes and round spermatids
Using RT-PCR, expression of FAM160B1 mRNA was assessed in multiple tissue, including heart, liver, spleen, lung, kidney pancreas, brain, skeletal muscle, ovarian and testes. Expression of FAM160B1 was predominantly observed in testes ( Fig. 2A) . Using immunohistochemistry, we detected FAM160B1 in male germ cells including spermatocytes and round spermatids in normal human testes ( Fig. 2E-G ; negative controls Fig. 2B-D) . rs7099208 is associated with non-obstructive azoospermiaExpression of FAM160B1 was reduced or undetectable in testes from NOA patients Then, we examined FAM160B1 expression in patients within NOA and OA testes. Arrest of spermatocytes and spermatids are common phenotypes of NOA. Our NOA samples were sorted to the spermatocyte arrest group (without spermatid and mature spermatozoa but contained spermatocyte) and spermatid arrest group (without mature spermatozoa but contained round spermatid). For all five patients with OA, FAM160B1 was detected in spermatocytes and round spermatids (Fig. 3A) . Immunohistochemical analysis of 11 cases of spermatocyte arrest testes (Fig. 3B) revealed that only three of 11 showed normal positive FAM160B1 signals in spermatocyte (Fig. 3B g, h and  j) , and the FAM160B1 signal in spermatocyte was undetectable in four cases (Fig. 3B b, d, e and k) . On the other hand, in spermatocyte and round spermatid (Fig. 3C) , three in six cases of spermatid arrest testes showed normal positive FAM160B1 signals (Fig. 3C a, d and f) . In the remaining seven NOA samples, including spermatocytes and round spermatids arrest patients (Fig. 3B c, f and i; Fig. 3C b, c and e), FAM160B1 signals were decreased relative to controls. These results suggest that FAM160B1 expression is associated with NOA defects ( Table 1) .
Analysis of FAM160B1 in mouse germ cells
In mice, the expression of FAM160B1 mRNA was assessed in multiple tissue types and found predominantly in testes as the same within human (Fig. 4A) . Using immunohistochemistry, FAM160B1 was detected in spermatocytes and the later stage ( Fig. 4C, D ; Supplementary Figure, which is available online; negative control in Fig. 4B ). To investigate the biological role of FAM160B1 in germ cells in vitro, murine germ cell line GC2 was used. Immunofluorescence of FAM160B1 located to the cytoplasm and part of the nucleus in cell line GC2 ( Fig. 4F, G ; negative control Fig. 4E ).
Two morpholinos (splice blocking and translation blocking) were used to knockdown expression of FAM160B1 in GC2 cells. Following incubation with 10 mM splice blocking morpholinos for 24 hours, the number of GC2 cells decreased (Fig. 5A, B and C ) . Knockdown efficiency of splice blocking reached approximately 90% at the mRNA level (Fig. 5D) . Similar results were observed after knockdown with translation blocking morpholinos (Fig. 5E, F and rs7099208 is associated with non-obstructive azoospermiaG). Translation blocking of FAM160B1 also showed high efficiency (Fig. 5H ) .
TUNEL analysis was performed 24 hours after knockdown with morpholinos. Positive TUNEL signals increased significantly (Fig. 6A-D) . Using electron microscopy, we found an accumulation of lipofuscin, lipid droplets and vacuoles in the perinuclear space of GC2 cells after inhibiting FAM160B1 (Fig. 6E-L) . These results suggest that FAM160B1 knockdown induced murine germ cell apoptosis.
Discussion
Only a few cases of NOA are caused by gene mutations, for example, seipin mutation [14] . Due to the high incidence of both NOA and SNPs, it is reasonable to hypothesise that the main genetic cause of NOA is the collaborative effect of SNPs. In recent years, susceptibility loci associated with multiple diseases have been identified in GWAS, including breast cancer [15] [16] , colorectal cancer [17] [18] , endometrial cancer [19] , follicular lymphoma [20] , gastric cancer [21] , hepatocellular carcinoma [22] [23] , Hodgkin's lymphoma [24] , lung cancer [25] , melanoma [26] , nasopharyngeal carcinoma [27] , neuroblastoma [28] , ovarian cancer [5, 29] , pancreatic cancer [30] [31] , prostate cancer [32] [33] [34] [35] [36] [37] , renal cell carcinoma [38] , thyroid cancer [39] , urinary bladder cancer [4] and congenital heart malformations [40] . In our previous study, NOA susceptibility loci were identified based on GWAS data from thousands of patients [8] [9] . However, the mechanisms of disease remained unclear. Here, we analysed eQTL of genes in the region of an NOA susceptibility locus and used the data arising to identify the disease mechanism. The success of our approach suggests that GWAS could be a key to efficient characterisation of gene variations involved in NOA. Recently, we discovered several potential protein markers for cancers using GWAS analysis [6] [7] . Our aim of this study is to investigate the relationship between a NOA susceptibility locus rs7099208 and genes near this region, like FAM160B1. Based on eQTL data from GTEx, we found that rs7099208 has a mild effect on expression of FAM160B1. Moreover, we demonstrated that FAM160B1 is essential for germ cell survival and reduce expression in germ cells of some NOA patients. Our study makes a connection between a mild effect of SNP (from GWAS, like rs7099208) and spermatogenic gene (like FAM160B1). It should be noticed that common SNPs (MAF.1%) widely exist in both patients and normal population. Mild effect may not cause a huge change of single gene expression, but combination of mild effects from several SNPs could contribute a severe consequence and lead to a disease (like NOA).
Previous studies have shown that in NOA patients minor allele frequency (MAF) of rs7099208 is higher than the control population. Mild effect of rs7099208 may not cause a dramatic change of FAM160B1 because variant homozygote of rs7099208 exists in normal population. Although the mechanism of regulation of FAM160B1 is unclear, lack of FAM160B1 leads to germ cell apoptosis. We found the expression of FAM160B1 is changed in NOA patients. We concluded that variant homozygote of rs7099208 caused mild effect on spermatogenic gene FAM160B1.
Unlike severe effect caused by gene mutation, common SNPs affect gene expression may not be contributed by singe SNP variant but combinations of mild effect of SNPs. The functional combinations of SNPs are still under discovery. Our data provide a new way to investigate spermatogenesis associated SNPs. The full understanding of FAM160B1 in spermatogenesis would be worthy to investigate in further studies.
